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Local spin fluctuations in iron-based superconductors: 77 Se and 87 Rb NMR 

measurements of Tlo.47Rbo.34Fe! 63 Se 2 

Long Ma, G. F. Ji, Jia Dai, J. B. He, D. M. Wang, G. F. Chen, Bruce Normand, and Weiqiang Yvfl 
Department of Phystcs, Renmin University of China, Beijing 100872, China 
(Dated: January 18, 2013) 

We report nuclear magnetic resonance (NMR) studies of the intercalated iron selenide supercon- 
ductor (Tl, Rb) H Fe2-:z:Se2 (T c = 32 K). Single-crystal measurements up to 480 K on both 77 Se and 
87 Rb nuclei show a superconducting phase with no magnetic order. The Knight shifts K and relax- 
ation rates 1/T\T increase very strongly with temperature above T c , before flattening at 400 K. The 
quadratic T-dependence and perfect proportionality of both K and \/TjT data demonstrate their 
origin in paramagnetic moments. A minimal model for this pseudogap-like response is not a missing 
density of states but two additive contributions from the itinerant electronic and local magnetic 
components, a framework unifying the K and 1/TiT data in many iron-based superconductors. 

PACS numbers: 74.70.-b, 76.60.-k 



The phenomenon of the pseudogap, an energy scale 
marking the loss of spin-fluctuation contributions in 
many physical processeSjA* 2 - is ubiquitous in underdoped 
cuprate superconductors. The origin of the pseudogap 
and its connection to high-temperature superconductiv- 
ity have remained controversial questions for over two 
decades. In the iron pnictide superconductors^— the 
susceptibility and Knight shift in the normal state have 
been found to increase with temperature^ - — and while 
a pseudogap has been proposed 1 — ^ in comparison with 
cuprates, the evidence is far from conclusive. 

The recently discovered intercalated iron selenide su- 
perconductors, Aj / Fe2- :c Se2, have transition tempera- 
tures T c > 30 Kji£~— Structural experiments indicate 
a distinctive \/5 x ^/b ordering pattern of Fe vacan- 
cies in the Fe4Ses layersi 17 ! 18 Accompanying this struc- 
ture is an equally distinctive block-spin antifcrromagnetic 
(AFM) order with a very high Neel temperature*!^— 
By contrast, NMR reveals a superconducting state with 
only weak low-energy spin fluctuations and no evidence 
for magnetic order j 2 ^— which is consistent with angle- 
resolved photoemission spectroscopy 25-27 . The substan- 
tial increases of K and \jT{F reported above T c in 
Refs. [22T-I241] suggest a strong pseudogap-like effect, and 
this would set strict constraints on any theoretical mod- 
els. 

In this Letter, we present an extensive 77 Se and 87 Rb 
NMR investigation of superconducting (Tl,Rb) y Fe 2 -a;Sc2 
single crystals at temperatures up to 480 K. The Knight 
shifts and relaxation rates on both the 77 Se and 87 Rb 
sites rise by factors of five to 20 above T c , before level- 
ling off towards 400 K. At low temperatures, our mea- 
sured response is due to itinerant electrons forming a 
Fermi liquid. Above T c , we have previously identified a 
quadratic temperature-dependence of the Knight shift 24 . 
Here we further demonstrate that the rise of both the 
Knight shift and the \jT\T follows very accurately a T 2 
dependence, indicative of fluctuating paramagnetic mo- 
ments. The leveling off above 400 K suggests that the 
energy scale of the spin fluctuations is around 35 meV. 
Thus our data, whose form is reminiscent of a pseudogap 
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FIG. 1: (color online) (a) 87 Rb NMR spectra in a field of 11.62 
T applied in the crystalline (ab) plane, for 24 < T < 478 K. 

(b) Integrated spectral weight as a function of temperature. 

(c) 87 Rb spin-spin relaxation rate, 1/ 87 T2, up to 460 K. 



behavior, is best explained by a two-component model. 
This situation is quite different from cuprates and pro- 
vides a general basis for interpreting K and \/T\T data 
in all the Fe superconductors. 

The (Tl,Rb) y Fe2- a: Se2 single crystals were synthe- 
sized by the Bridgeman method^ Inductively coupled 
plasma atomic emission spectroscopy measurements give 
a nominal chemical composition of Tlo.47Rbo.34Fei.63Se2. 
Several crystals, all of dimensions 5x4x1 mm 3 and 
T c = 32±1 K, were used in our NMR experiments, and 
all gave consistent results. A specially adapted NMR 
probe of our own construction was used to access both 
low and high temperatures. We have performed 87 Rb 
( 87 7 „ = 13.931 MHz/T) and 77 Se ( 77 7 „ = 8.131 MHz/T) 
measurements 2 ^ in a magnetic field of 11.62 T, with the 
sample placed on a rotator to change the field orientation. 
The spectral linewidth is approximately 25 kHz for 87 Rb 
and 20 kHz for 77 Se at T = 40 K. The spin-lattice re- 
laxation rate 1/Ti is measured by the inversion- recovery 
method, and a single T\ component is obtained. 
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FIG. 2: (color online) Temperature-dependences of (a) K, 
(b) 77 K, (c) l/ 87 TiT, and (d) l/ 77 TiT in a magnetic field 
of 11.62 T. The solid lines are fits to the functions K(T) = 
a + bT 2 and 1/TjT = c+ dT 2 from T c to 300 K. 



Figure [TJa) shows the NMR spectra of the 87 Rb cen- 
tral transition at different temperatures. The central fre- 
quency shifts upward gradually with temperature. The 
spin-spin relaxation rate 1/ 87 T2 also increases with tem- 
perature [Fig. (He)], until the NMR spectrum becomes 
undetectable beyond 480 K, where 87 T2 becomes too 
short. After correction for T 2 effects, the spectral weight 
is conserved over the full temperature range of our stud- 
ies [Fig. DJb)]. For 77 Se, T 2 also becomes shorter with 
increasing temperature (data not shown), and the 77 Se 
spectrum is not detectable above 420 K. 

In Figs. (Ha) and (b), we show 87 K and 77 K in fields 
applied along the crystalline c axis and in the (ab) plane, 
and over a very wide range of temperature. The Knight 
shifts for the two field orientations are nearly identical. 
The two nuclei also have rather similar temperature- 
dependences. Focusing first on the region below T c , in 
general the Knight shift K = K c + K s has both chemical 
(K c ) and spin (K s ) contributions. K c is independent of 
temperature while K s approaches zero for a singlet super- 
conductor. Singlet superconductivity is therefore demon- 
strated quite unambiguously by the sharp drop below 
T c . 22 For temperatures far below T c , K(T) w suggests 
that K c is very small in the Aj / Fe2- x Se2 materials^! and 
this contribution will be neglected hereafter. 

Turning to the normal-state behavior of K(T), it is 
almost isotropic and comparable on both 77 Se and 87 Rb 
nuclei. It increases strongly from T c to 400 K [Figs. 2(a) 
and (b)] before flattening out. This form is reminiscent 
of a pseudogap, where spin fluctuations contributing to 
K(T) are suppressed below a characteristic energy scale, 
A pg . In the simplest pseudogap scenario, K(T) at low 
T should contain a thermally activated contribution and 
Apg can be extracted from the data! 29 ' 30 

We test for such activated behavior in Fig. (3Ja). The 
expressions S7 K(T) = 0.066% + 0.946%e" 510K / T and 
77 K(T) = 0.1% + 2.73%e- 502K / T provide adequate fits 
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FIG. 3: (color online) (a) T-dependence for 87 K (circles) and 
77 K (diamonds), shown as \n(K(T) — Ko) against 1/T (see 
text). Inset: Knight shifts compared on linear axes. Solid 
lines are fits to the activated form, (b) Knight shifts and 
relaxation rates for both nuclei, shown as functions of T 2 . 
The 77 K data of FeSe are adapted from Ref. [311 ]. 



over the full range from T c to 350 K [inset, Fig. [3ja)] , 
and suggest an effective gap scale around 500 K. How- 
ever, K(T) levels off around 400 K, and a detailed in- 
spection of the low-T regime in a standard activation 
plot [Fig. 3(a)] shows clearly that K(T) does not follow 
this form below 150 K. The fitting contains no evidence 
for a pseudogap energy scale and the data require an al- 
ternative explanation. 

In fact an excellent fit to all of the Knight-shift data 
below 300 K [Figs. 2(a) and (b)], is provided by the 
function K(T) = a + bT 2 , where 77 K{T) = 0.079% + 
5.978 x 10~ 6 %T 2 /K 2 and 87 K(T) = 0.055% + 2.706 x 
10~ 6 %T 2 /K 2 . For comparison with the activated sce- 
nario, the data and fit are reproduced in Fig.[3jb). Only 
above 300 K do the measured Knight shifts deviate from 
the T 2 behavior as the data begin to saturate. Even 
more remarkably, the relaxation rates for both nuclei, 
shown in Figs. [2c) and (d) and also analyzed in Fig.[3]Jb), 
have precisely the same behavior from T c to 300 K, with 



l/ 77 TiT = O.lSes- 1 ^- 1 + 2.329 x \Q~ b T 2 S - x and 
l/S7 TlT = o.OUs- 1 ^ - 1 + 3.905 x lO-^s- 1 ^- 3 . The 
quadratic T-dependence of both quantities is completely 
unambiguous, and we discuss its physical meaning below. 

We further analyze our data by comparing K(T) to 
(TiT) -1 with temperature as the implicit parameter. A 
system with Fermi-liquid behavior follows the Korringa 
relation, (TiT)^ 1 / 2 cx K(T)£2- A linear relation between 
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FIG. 4: (color online) (T\T)~i (left axis) and (TiT) -1 (right) 
against K for (a) 87 Rb with T c < T < 425 K and (b) 77 Se 
with T c < T < 300 K. Straight lines are guides to the eye. 



K(T), which measures the q — response, and (TiT) -1 , 
which is the g-integrated response, is the hallmark of re- 
laxation processes dominated by local spin fluctuations. 
It is clear from Figs. IHa) and (b) that the Korringa re- 
lation is not followed over any of the temperature range, 
whereas good linear proportionality is obtained between 
K(T) and (TiT) -1 . We conclude that spin fluctuations 
are the predominant relaxation mechanism above T c , and 
that these are very local in nature as there is no signifi- 
cant contribution from particular wave vectors Q ^ 0. 

We stress here that the fitting lines in Figs. Ufa) and 
(b) do not pass through the origin. Both K(T) and 
1/TiT, for both nuclei, approach constant values as 
T — > T c . Such constant terms above T c usually indicate 
an additional Fermi-liquid contribution from itinerant 
electrons^ which is lost as the system becomes super- 
conducting below T c (Fig. 2). The Fermi- liquid contribu- 
tion may be extracted by writing K(T) = Kq + f(T) and 
1/TiT = (l/TiT) +/'(T), where the T-dependence, con- 
tained only in /(T) and f'(T), is quadratic. This explicit 
separation of itinerant-electron and spin-fluctuation con- 
tributions is completed by identifying the two ratios 
(l/TiT)o/K and f(T)/f(T), whose respective values 
are 34 s^K -1 and 170 s _1 K _1 for 87 Rb, and 190 s^K -1 
and 350 s^K" 1 for 77 Se. 

We conclude the analysis of our data with two further 
comments on the Knight shift. First, the anisotropy is 
very small, with 77 K ab / 77 K c w 1.1 and 87 K ab / 87 K c w 
1.0 at 300 K (Fig. [2). Second, the ratio 87 K/ 77 K w 0.4 
at 300 K indicates that the amplitudes of the hypcrfinc 
fields, which are produced by the Fe moments, are quite 
similar at the in-plane Se site and the interlayer Rb site. 
These results suggest a strong interlayer magnetic cou- 
pling in the intercalated iron selenides. In the iron pnic- 
tides, the hyperfine fields are usually very much smaller 
at the interlayer nuclei than at the 75 As site i 34 i 35 

Before discussing the two-component interpretation of 
our NMR measurements, we discuss the necessity for a 



two-phase scenario in the Aj,Fe2_2;Se2 materials. The 
block- AFM state of the y/5 x y/E structure has a high 
Tjv ~ 550 K and a large magnetic moment of order 3/j,b 
per Fe site. These neutron-diffraction result a 18 i 19 have 
been verified by bulk magnetization, 20 muon spin reso- 
nance (/zSR);2i Mossbauer^ two-magnon Raman^i and 
inelastic neutron scattering measurements 3 -^. However, 
the superconducting phase observed by NMR is clearly 
paramagnetic, because the large line-splitting of the 77 Se 
spectra, expected for a strongly AFM state, is completely 
absent. Further, the Knight shift would not be nearly 
isotropic in the presence of AFM order. 

We are forced to conclude that the electronic matter 
in Aj,Fe2-a;Se2 is a two-phase system. The AFM phase 
is thought from //SR and neutron diffraction experiments 
to constitute at least 90% of this system. The paramag- 
netic, metallic phase we observe, which makes up the re- 
mainder, may be a consequence of regions within the sin- 
gle crystals with different Fe vacancy content or vacancy 
disorder. The paramagnetic phase is manifestly super- 
conducting. Whether the AFM phase is an insulator, 39 
while the paramagnetic phase percolates throughout the 
system to give the observed bulk superconducting prop- 
erties, or is a metal hosting a microscopic coexistence of 
magnetism and superconductivity, remains an open ques- 
tion that NMR cannot address. 

Returning now to the NMR response of the param- 
agnetic phase, the minimal model describing our exper- 
imental data is simply one with two additive compo- 
nents. One is the metallic behavior of the itinerant elec- 
trons, which become superconducting below T c and ap- 
pear above T c as a T-independent constant. The origin 
of the quadratic T-dependence above T c lies in local fluc- 
tuations of the paramagnetic Fe moments, which may be 
as large as the 3^b observed in the AFM phase. These 
moments have only short-range order, with local AFM 
fluctuations, and while the system is close to the long- 
range order of the neighboring magnetic phase, this is 
prevented by some combination of non-stoichiometry, va- 
cancy disorder, and the effects of the itinerant electrons. 

In studies of quantum AFMs, paramagnetic spins in a 
critical regime with no spin gap give a linear contribu- 
tion to the susceptibility in two dimensions (2D) and a 
quadratic T-dependence in 3D. 40 Similar considerations 
have been applied in pnictide superconductors to dis- 
cuss the linear susceptibility in a 2D model 4 ' 1 for 1111 
and 122 systems. The large values of 87 K(T) we mea- 
sure are a definite indication of strong interlayer mag- 
netic coupling and 3D nature in the A^Fea-xSea materi- 
als, and hence are fully consistent with a quadratic spin- 
fluctuation contribution. The temperature at which our 
data begin to turn over, T ~ 400 K, also agrees well with 
the predominant energy scale for local spin-exchange pro- 
cesses, \SJi\ — 36 meV, deduced in Ref. [Hj]; this further 
strengthens the evidence in favor of fluctuating local mo- 
ments rather than electronic processes. 

While it may be possible to conceive of a pseudo- 
gap model with an exact constant contribution, exactly 
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quadratic T-dependence, exact proportionality of K and 
1/XiT over the entire temperature range above T c , and 
the observed dramatic increases in these quantities, this 
would require very careful fine-tuning. Thus we find a 
two-component scenario to be much more likely, and it 
is certainly the minimal model for our results. Its foun- 
dation lies in the fact that Fe has active conduction and 
valence bands, the former providing itinerant electrons 
and the latter forming effective local moments i 42 ' 43 A 
two-component model has also been invoked to explain 
EPR and NMR data in FeSe^e^J^ and NMR data 
in 111 materialsi 45 ' 46 This situation is not at all simi- 
lar to the superconducting cuprates, where the NMR re- 
sponse is attributed to a single electronic component (in 
one active Hubbard band) experiencing spin-fluctuation 
correlations that reduce its spin contribution. In Fe su- 
perconductors, no such correlation effects are required. 

We extend these considerations to the NMR data ob- 
tained for other iron-based superconductors. Our results 
are almost identical to those for K y Fe2-^Se2 ) 22123 while 
the binary iron selenides also show a similarly substan- 
tial T 2 -type increase up to 300 K on top of a constant 
contribution [shown in Fig.|3](b) using 77 K data adapted 
from Ref. [311 ] . This indicates universal behavior in the 
FeSe planes of the chalcogenides. In the three known 
iron pnictide superconductors, weak increases of K(T) 
above T c have also been interpreted as pseudogap be- 
havior. In both the llllil^ and llli^ systems, the 
T-dependent part of K and \fT\T is small and almost 
linear, suggesting only a weak contribution from quasi- 
2D spin fluctuations. The 122 systems deviate from 
this paradigm only at low temperatures*^ while K has 
a small spin-fluctuation part with a possibly quadratic 
(3D) T-dependence, \jT\T shows an increase towards 
low T for most dopings, indicating a role for magnetic 



modes with Q ^ 0. 

Thus the two-component framework forms a basis for 
the normal-state NMR response of all the Fe supercon- 
ductors. This general result provides important guid- 
ance to both experimental and theoretical understand- 
ing of these materials far beyond NMR measurements. 
The importance of local spin fluctuations and the lack 
of relevance of particular magnetic modes, despite the 
proximity to magnetic phases, are essential clues to the 
mechanism for superconductivity. The clear presence of 
both Fermi-liquid and local-moment behavior reflects the 
generic property of the Fe superconductors that both con- 
duction and valence electrons play a crucial role. 

In summary, our NMR measurements on the inter- 
calated iron selenide superconductor (Tl,Rb)j,Fe2- x Se2 
show a large increase of the isotropic Knight shift and 
the spin-lattice relaxation rate with temperature above 
T c . The temperature-dependence of this contribution 
is quadratic. We deduce that pseudogap-like behavior 
in the paramagnetic, metallic phase is the consequence 
of two separate contributions, one from itinerant elec- 
trons, which become superconducting below T c , and one 
from local 3D spin fluctuations of disordered Fe mo- 
ments, which become dominant above T c . Such a two- 
component model provides a framework for understand- 
ing the K and \jT\T data in all Fe superconductors. 
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